e The development of high-level daptomycin resistance (HLDR; MIC of >256 mg/liter) after exposure to daptomycin has recently been reported in viridans group streptococcus (VGS) isolates. Our study objectives were as follows: to know whether in vitro development of HLDR after exposure to daptomycin was common among clinical isolates of VGS and Streptococcus bovis; to determine whether HLDR also developed during the administration of daptomycin to treat experimental endocarditis caused by the daptomycin-susceptible, penicillin-resistant Streptococcus mitis strain S. mitis 351; and to establish whether combination with gentamicin prevented the development of HLDR in vitro and in vivo. In vitro studies were performed with 114 VGS strains (mitis group, 92; anginosus group, 10; mutans group, 8; and salivarius group, 4) and 54 Streptococcus bovis strains isolated from 168 consecutive patients with infective endocarditis diagnosed between 1995 and 2010. HLDR was only observed after 24 h of exposure to daptomycin in 27% of the mitis group, including 27% of S. mitis isolates, 47% of S. oralis isolates, and 13% of S. sanguis isolates. In our experimental model, HLDR was detected in 7/11 (63%) and 8/12 (67%) isolates recovered from vegetations after 48 h of daptomycin administered at 6 mg/kg of body weight/24 h and 10 mg/kg/24 h, respectively. In vitro, time-kill experiments showed that daptomycin plus gentamicin was bactericidal against S. mitis 351 at tested concentrations of 0.5 and 1 times the MIC and prevented the development of HLDR. In vivo, the addition of gentamicin at 1 mg/kg/8 h to both daptomycin arms prevented HLDR in 21 out of 23 (91%) rabbits. Daptomycin plus gentamicin was at least as effective as vancomycin plus gentamicin. In conclusion, HLDR develops rapidly and frequently in vitro and in vivo among mitis group streptococci. Combining daptomycin with gentamicin enhanced its activity and prevented the development of HLDR in most cases.
V
iridans group streptococci (VGS) are commensal flora of the oral cavity, vagina, and gastrointestinal tract. Their role as a major cause of bacteremia in neutropenic patients is a growing problem (1, 2) , and their involvement in septic shock, adult respiratory distress syndrome, and endocarditis is well known (26% in native valve and 16% in prosthetic valve endocarditis) (3) . VGS and Streptococcus bovis cause almost one-quarter of all cases of infective endocarditis (IE) (3) . Beta-lactams are the drugs of choice; however, penicillin-resistant strains are increasingly being isolated in Europe and the United States and have become a matter for concern (4-6), since their management is challenging (7) . Vancomycin is the recommended antibiotic for endocarditis in cases of resistance to penicillin or allergy to beta-lactams (8) (9) (10) . Although clinical data on the treatment of VGS and S. bovis infections with daptomycin are lacking, the potential of this agent as a good alternative to vancomycin-based regimens should be studied.
Daptomycin is a cyclic lipopeptide antibiotic with bactericidal activity against staphylococci and streptococci (11). It is efficacious in the treatment of right-sided endocarditis caused by methicillin-susceptible and methicillin-resistant Staphylococcus aureus (MSSA and MRSA) (12, 13) and has been approved for these indications and for staphylococcal bacteremia and skin and soft tissue infections (14) . Daptomycin offers some advantages over vancomycin, namely, less renal toxicity, single daily dose, and easy administration as outpatient parenteral antimicrobial therapy (15, 16) .
Our group began to study the efficacy of daptomycin in experimental endocarditis induced by a penicillin-resistant, daptomycin-susceptible strain of Streptococcus mitis (S. mitis 351). We compared the activity of daptomycin at 6 mg/kg of body weight/24 h with that of vancomycin. Preliminary results showed that the microorganisms recovered from vegetations after 2 days of treatment had developed an elevated percentage of high-level daptomycin resistance (HLDR; MIC of Ն256 mg/liter) in the monotherapy daptomycin arm. This finding led us to design a study with the following objectives: first, to know whether HLDR was strain specific or whether it also developed in VGS and S. bovis isolates; second, to determine, using a human-like rabbit pharmacokinetic model, whether HLDR also developed during the administration of daptomycin at 10 mg/kg/24 h to treat experimental endocarditis caused by the daptomycin-susceptible and penicillin-resistant S. mitis strain (S. mitis 351); and third, to eval-uate whether combination with gentamicin prevented the in vitro and in vivo development of HLDR.
(Presented in part at the 51st Interscience Conference on Antimicrobial Agents and Chemotherapy, Chicago, IL, 17 to 20 September 2011 [17] [18] [19] .)
MATERIALS AND METHODS

Microorganisms.
We studied 114 VGS and 54 S. bovis strains isolated from 168 consecutive patients with IE diagnosed in our center between 1995 and 2010. S. mitis 351, a penicillin-resistant isolate from our collection, was selected for the in vivo studies. None of the patients had previously received daptomycin.
Antibiotics. Daptomycin powder was supplied by Cubist Pharmaceuticals (Lexington, MA) (20) . Vancomycin and gentamicin were purchased from Sigma (St. Louis, MO).
Susceptibility testing. The MICs of daptomycin, penicillin, ceftriaxone, and vancomycin were tested using the Etest method following the manufacturer's recommendations (bioMérieux S.A., Marcy l'Etoile, France). For S. mitis 351, the MICs of daptomycin, vancomycin, and gentamicin and the minimum bactericidal concentrations (MBCs) were determined using the microdilution method in cation-adjusted MuellerHinton broth (CAMHB) (Oxoid Ltd., Hampshire, England) supplemented with 5% lysed horse blood, according to the recommended procedures of the Clinical and Laboratory Standards Institute (CLSI) (21) . Susceptibility to daptomycin was tested in Mueller-Hinton broth adjusted to 50 mg/liter of calcium using standard methods. Streptococcus pneumoniae ATCC 49619 was the control strain.
Synergy studies. Time-kill methodology was used to test the activity of daptomycin plus gentamicin against S. mitis 351 according to criteria described elsewhere (22) . A final inoculum of between 5 ϫ 10 5 and 1 ϫ 10 6 CFU/ml was used. Prior to inoculation, each tube of fresh CAMHB, adjusted to 50 mg/liter of calcium, was supplemented with 5% lysed horse blood and with daptomycin or vancomycin. Concentrations of 0.5ϫ MIC and 1ϫ MIC were chosen for testing. A tube without antibiotic was used as a growth control. Viability counts were performed at 0, 4, and 24 h according to the recommendation of Isenberg (23) . Drug carryover was prevented by using dilution. Bactericidal activity was defined as a Ն3-log 10 reduction in CFU/ml at 24 h in comparison with the initial inoculum. Synergistic activity was defined as a Ն2-log 10 reduction in CFU/ml at 24 h in comparison with the reduction by the more-active antibiotic (24) . Time-kill studies were performed in duplicate.
Resistance screening methodology. All strains were subcultured in the presence of daptomycin at 0.5 mg/liter and 1 mg/liter (0.5ϫ MIC to 33ϫ MIC depending on the strain) on Mueller-Hinton agar plates (Oxoid Ltd., Hampshire, England) supplemented with 50 mg/liter of calcium and 5% lysed horse blood. The final inoculum was 4 ϫ 10 5 to 8 ϫ 10 5 CFU/ml. Plates were incubated for up to 48 h in a 5% CO 2 atmosphere. S. mitis 351 was used as a positive quality control strain. In plates with positive growth in the presence of daptomycin, CFU were harvested and retested by the Etest method to determine increases in the MIC of daptomycin.
Strains with a MIC of Ն2 mg/liter were considered not susceptible to daptomycin (daptomycin nonsusceptible [DNS]), following the CLSI recommendations. HLDR was defined as a MIC of Ն256 mg/liter. Study animals. Experimental aortic valve endocarditis was induced in New Zealand White rabbits (body weight, 2.5 kg; San Bernardo Farm, Pamplona, Spain) (25) . This study was approved by the Ethics Committee for Experimental Animal Studies of the University of Barcelona.
Human pharmacokinetics simulation studies. The in vivo experimental pharmacokinetics of vancomycin, daptomycin, and gentamicin have been described elsewhere (24, 26) . Antibiotics were administered using a computer-controlled infusion pump system designed to reproduce human serum pharmacokinetics in rabbits after an intravenous (i. Endocarditis model. Experimental aortic valve IE was induced in rabbits according to the method described by Garrison and Freedman (27) . A catheter was inserted through the right carotid artery into the left ventricle, and the catheter for administration of antibiotics was placed into the inferior vena cava through the jugular vein (25) . Twenty-four hours after placement of the intracardiac catheter, all animals were infected via the marginal ear vein with 1 ml of saline solution containing about 5 ϫ 10 5 to 8 ϫ 10 5 CFU/ml of the S. mitis 351 strain. One milliliter of blood was obtained 24 h after infection and immediately before the initiation of antimicrobial therapy to confirm the presence of bacteremia, which was interpreted to indicate IE. At the same time, control animals were anesthetized and sacrificed, and bacterial CFU were measured in vegetations. Antibiotics were administered for 48 h via the computer-controlled infusion pump system. After the completion of treatment, an additional 6 half-lives were allowed to elapse before the animals were sacrificed. This provided time for viable bacteria remaining within the endocardial vegetations to grow, except in the daptomycin plus gentamicin combination arms, where, given the longer half-life of daptomycin, 24 h was allowed to elapse. The gentamicin infusion continued during the first 16 h (2 more cycles).
Treatment groups. The treatment groups were 1 control arm, 2 daptomycin arms (RD-or HD-daptomycin), 1 vancomycin arm, 2 daptomycin (RD or HD)-plus-gentamicin arms, and a vancomycin-plus-gentamicin arm.
Analysis of endocardial vegetations. After antibiotic treatment, rabbits were anesthetized and sacrificed, and aortic valve vegetations were removed and processed (25) . Colonies recovered from quantitative cultures on plain agar were isolated, and MICs were retested using the Etest to detect in vivo resistance to daptomycin. The results were expressed as the number of log 10 CFU per gram of vegetation. The result was assigned a value of 2 if there was no growth on the quantitative plates but there was growth in the qualitative culture (the rest of the homogenate was cultured in tryptic soy broth). The result was assigned a value of 0 and the vegetation was considered sterile if there was no growth from the initial quantitative culture or from the homogenates cultured for a week.
Statistical analysis. The HLDR rates according to the MIC and MBC endpoints in the in vitro studies were compared using the Fisher exact test. The results from vegetations were expressed as the median and interquartile range (IQR) of the number of log 10 CFU per gram of vegetation. The Mann-Whitney rank sum test was used to compare the log 10 CFU/g values of the vegetations between the different treatment groups. The Fisher exact test was used to compare the rate of sterilization of vegetations and to assess whether there were differences between treatment groups.
RESULTS
Microorganisms.
We studied 168 consecutive strains from our collection and identified the following species: mitis group, 92 isolates (55%) ( Susceptibility testing. The results of in vitro susceptibility testing with penicillin, ceftriaxone, and vancomycin are summarized in Table 1 . All the strains tested were uniformly susceptible to vancomycin. The rates of resistance to penicillin ranged from 34% in the mitis group to 4% and 7% in the bovis and anginosus groups, respectively. Resistance to ceftriaxone was 11% in the mitis group. All microorganisms from the mutans and salivarius groups were susceptible to penicillin and ceftriaxone. Susceptibility to daptomycin is summarized in Results of screening for DNS strains and HLDR. Table 3 shows the overall frequency of DNS and HLDR for the different VGS strains after subculture of strains with inhibitory concentrations of daptomycin. The species included in the mitis group are detailed, as they were the only ones that developed HLDR. DNS strains were identified from the mitis group in 61 cases (66%) and from the anginosus group in 5 cases (50%), i.e., 39% (66/168) of the total strains tested. The highest rates of resistance were observed in the mitis group: 74/92 (80%) strains were resistant, 61/74 (82%) were DNS, and 25/61 (41%) developed HLDR, i.e., 15% (25/168) of the strains tested, all of which belonged to the mitis group. Table 4 shows the possible relationship between in vitro susceptibility parameters, such as MIC and MBC, and the development of HLDR. Microorganisms from the mitis group with MICs of Ͼ0.5 mg/liter had a relative risk (95% confidence interval [CI]) of 2.81 (range, 1.41 to 5.61) for developing HLDR. The parameters of a MIC of Ͼ0.5 mg/liter (by microdilution) and an MBC of Ͼ2 mg/liter were statistically significantly associated with HLDR.
In vitro time-kill experiments. Daptomycin plus gentamicin demonstrated synergy and bactericidal activity (Fig. 1) at 1ϫ MIC for daptomycin and 0.5ϫ MIC and 1ϫ MIC for gentamicin. None of the isolates recovered developed HLDR.
Established endocarditis treatment. The relative effectiveness of drugs in monotherapy and combination therapy is shown in Table 5 . All control rabbits had infected aortic valve vegetations, with a median bacterial titer of Ն9 log 10 CFU per gram of vegetation. Comparisons between treated groups revealed that after 48 h of treatment, HD-daptomycin showed the same activity as RDdaptomycin in sterilizing vegetations and in reducing the median number of CFU. In the monotherapy arms, vancomycin significantly (P Ͻ 0.001) reduced the density of microorganisms in the vegetations. Isolates recovered from endocardial vegetations from animals treated with daptomycin (RD-or HD-daptomycin arms) showed HLDR in 7/11 (63%) isolates from the RD-daptomycin arm and 8/12 (67%) from the HD-daptomycin arm. The addition of gentamicin to daptomycin or vancomycin reduced the median number of CFU in the vegetations of treated animals to a greater extent than monotherapy. These differences were statistically significant (Table 5) .
RD-daptomycin plus gentamicin sterilized more vegetations than vancomycin plus gentamicin (P ϭ 0.03). No statistically significant differences were detected between the two daptomycinplus-gentamicin arms. In combination therapy with daptomycin, only 1 isolate from each arm showed HLDR, namely, 1/11 (9%) for RD-daptomycin plus gentamicin and 1/12 (8%) for HD-daptomycin plus gentamicin.
Stability of daptomycin resistance. We conducted stability studies by subculturing two isolates presenting HLDR that were recovered from the treated animals (an isolate from the 6 mg/kg daptomycin arm [D 6 -6] and an isolate from the 10 mg/kg daptomycin-plus-gentamicin combined-therapy arm [D 6 ϩG-14]). Daily passes were carried out on daptomycin-free agar plates, and the daptomycin MIC was tested every day using the Etest. All tests were performed in triplicate. In all cases, we observed stability for both isolates, with median results (IQRs) of 25 (19 to 32) days and 27 (20 to 36) days for the strains isolated in D 6 -6 and D 6 ϩG-14, respectively. High-level resistance to daptomycin was maintained at a MIC of Ն256 mg/liter throughout testing. The loss of resis- tance was fast, and in one or two passes, the microorganism recovered the baseline MIC of 0.5 mg/liter. Penicillin MIC seesaw effect. The penicillin MIC was retested in the 15 strains with HLDR recovered from both daptomycin arms. The pretreatment penicillin MIC was 8 mg/liter, which decreased in all but 2 strains to a median (IQR) of 1 (0.5 to 4) mg/liter after 2 days of therapy with daptomycin.
DISCUSSION
VGS are considered uniformly susceptible to daptomycin. The baseline pattern of susceptibility to daptomycin that we observed by Etest and broth microdilution in the 114 VGS and 54 S. bovis strains of our collection reproduced the general conclusions of in vitro studies (11, (28) (29) (30) . The prevalence of resistance to daptomycin in VGS and S. bovis bloodstream infection has been found to be very low in larger series (11, (28) (29) (30) , with approximately 99.8% of MICs ranging from 0.03 to 1 mg/liter. After testing daptomycin in 915 bloodstream isolates of VGS and S. bovis, Streit et al. concluded that daptomycin was active against the 8 species of VGS and S. bovis tested, with MIC values of Յ2 mg/liter (11) . Very soon after exposure to daptomycin inhibitory concentrations (for most strains, within the first 24 h), 39% of the strains tested proved to be DNS (present in the mitis and anginosus groups); HLDR was detected in 27% of the isolates from the mitis group, namely, 27% of S. mitis isolates, 47% of S. oralis isolates, and 13% of S. sanguis isolates ( Table 3) . None of the 4 S. gordonii isolates in our collection developed HLDR; all 4 were DNS. Isolates from the mitis group with daptomycin MICs of Ͼ0.5 mg/liter developed In our experimental model, the frequency of in vivo microbiological failure and development of HLDR against daptomycin in both monotherapy arms (RD-daptomycin and HD-daptomycin) was statistically significant. The addition of gentamicin enhanced the activity of daptomycin and vancomycin and prevented the development of HLDR in most cases. Daptomycin plus gentamicin showed at least the same efficacy as vancomycin plus gentamicin and was effective against experimental endocarditis caused by the penicillin-resistant S. mitis strain. Indeed, this combination could be very relevant for clinical practice, since both doses (6 mg/kg and 10 mg/kg) proved to be efficacious. In addition, the high rate of prevention of HLDR after combination with gentamicin for both doses could justify combination therapy in humans, although HLDR is not prevented in 100% of cases. Akins et al. (31) studied the efficacy and sensitivity of daptomycin at doses of 6 mg/kg and 8 mg/kg in monotherapy against 5 isolates of different species of VGS from the mitis group (3 S. oralis, 1 S. mitis, and 1 S. gordonii isolate) with high baseline susceptibility to daptomycin (0.5 to 2 g/ml) in a pharmacodynamic model with simulated endocardial vegetations and time-kill curves. All 5 strains developed HLDR in 72 h (MIC of Ͼ256 mg/liter) at both doses, except for 2 when treated at 6 mg/kg. In 2 strains (one treated at 6 mg/kg and the other at 8 mg/kg), the number of CFU/g increased during the experiment. Li et al. (32) tested the efficacy of daptomycin against 3 clinical VGS isolates (1 S. constellatus, 1 S. oralis, and 1 S. salivarius isolate) in the rat fibrin clot model. One isolate had a MIC of 4 mg/liter, and the other 2 had MICs of 1 mg/liter. Daptomycin was tested at 3 different doses, which simulated the area under the curve obtained at 4, 6, and 8 mg/kg in humans. A bactericidal effect was shown in 2 of 3 isolates at 6 mg/kg, and 8 mg/kg was needed to achieve a 3-log 10 killing in 1 strain (not the strain with a MIC of 4 mg/liter). In this study, no resistance to daptomycin was detected. In the absence of larger studies to compare with, our results are consistent with those of Akins et al. We detected no differences between rates of HLDR in experiments using the S. mitis 351 strain, regardless of the dose of daptomycin used in monotherapy. Although both our study and that of Akins et al. have limitations, together they provide sufficient evidence that HLDR is not a rare phenomenon in clinical VGS strains and that high-level resistance can develop rapidly. Thus, clinical failures may be observed when using daptomycin against VGS, even when the strains are susceptible.
None of the patients from whom the 168 strains used in our study were obtained had been treated with daptomycin. Therefore, the rapid development of HLDR we recorded was not conditioned by previous clinical exposure to daptomycin. The level of resistance in the S. mitis strain studied in vivo is much closer to that of Enterococcus spp. than that of S. aureus. While the MICs for Enterococcus faecalis and Enterococcus faecium have been shown to increase 8-fold (from Յ4 to 32 mg/liter [33, 34] ) in cases of daptomycin resistance, the highest MICs for S. aureus scarcely reach 4 mg/liter (with a MIC of Յ1 mg/liter as the clinical threshold for sensitivity). As with enterococci, we hypothesize that the molecular basis of daptomycin resistance in S. mitis 351 depends on the change in cell membrane charge due to modifications in lipoproteins, as a consequence of which, insertion of the daptomycin lipopeptide tail is prevented. This hypothesis is supported by the "seesaw" phenomenon observed in HLDR strains recovered from vegetations: the increase in resistance to daptomycin is accompanied by a concomitant fall in resistance to penicillin. Further studies are needed to elucidate the molecular mechanisms underlying resistance to daptomycin in VGS.
The clinical relevance of the emergence of HLDR among VGS treated with daptomycin remains to be demonstrated. HLDR has not yet been reported in patients with infections by VGS, probably because daptomycin is not a first-choice antimicrobial agent against these microorganisms. In any case, physicians should be aware of the possibility of resistance, because daptomycin is often used off-label instead of vancomycin in nonstaphylococcal Grampositive infections in cases of beta-lactam allergy or penicillin resistance and in patients with febrile neutropenia who are also at risk of S. mitis infections. The phenomenon is well illustrated in two recently published case reports. The first involves a case of breakthrough bacteremia and septic shock caused by daptomycin-resistant S. anginosus in a patient treated with daptomycin because of several previous MRSA infections (35) . Twenty-one days after the initiation of daptomycin therapy, the patient was admitted to the medical intensive care unit with septic shock, and the MIC for the S. anginosus isolated from positive blood cultures was 4 mg/liter. The second report (36) describes a patient diagnosed with native-valve S. oralis endocarditis. Daptomycin (500 mg/day iv) was started empirically and continued because of its favorable MIC (0.094 mg/liter). The daily dose of daptomycin was increased to 700 mg on day 7, and at day 15, daptomycin serum levels were determined. Despite appropriate daptomycin levels in serum (maximum concentration of drug in serum, 82 mg/liter, and minimum concentration of drug in serum, 15 mg/liter), an increase in the size of mitral valve vegetations was found after 15 days of daptomycin treatment, and the patient underwent surgical replacement. Culture of the vegetations remained positive for S. oralis, with a 4-fold increase in the MIC. Daptomycin vegetation levels were 26 g/g of tissue. After surgery, antibiotic treatment was switched to intravenous ceftriaxone at the recommended dose, and the patient was considered cured at the 6-month follow-up visit. Therefore, when daptomycin is used as monotherapy to treat bacteremia or endocarditis caused by VGS, physicians should closely monitor the efficacy of daptomycin to ensure early detection of potential microbiological failure due to the development of resistance.
In conclusion, the rapid development of HLDR is not a trivial event and is a frequent finding in mitis group streptococci, although the clinical implications have yet to be defined. Combination with gentamicin enhances the activity of daptomycin and prevents the development of HLDR in most cases. Further studies are necessary to elucidate the molecular basis of daptomycin resistance in VGS and the clinical significance of this finding.
